Objective-Pathologies in the heart-brain axis might, independently or in combination, accelerate the process of brain parenchymal loss. We aimed to investigate the association of serum N-terminal brain natriuretic peptide (NT-proBNP), as a marker of cardiac dysfunction, and carotid intima media thickness (CIMT), as a marker of carotid atherosclerosis burden, with structural brain changes. Approach and Results-In the longitudinal population-based AGES-Reykjavik study (Age, Gene/Environment Susceptibility-Reykjavik), we included 2430 subjects (mean age, 74.6 years; 41.4% men) with baseline data on NT-proBNP and CITM (assessed by ultrasound imaging). Participants underwent a high-resolution brain magnetic resonance imaging at baseline and 5 years later to assess total brain (TBV), gray matter, and white matter volumes. Each unit higher log-transformed NT-proBNP was associated with 3.6 mL (95% confidence interval [CI], −6.0 to −1.1) decline in TBV and 3.5 mL (95% CI, −5.7 to −1.3) decline in gray matter volume. Likewise, each millimeter higher CIMT was associated with 10.8 mL (95% CI, −17.3 to −4.2) decline in TBV and 8.6 mL (95% CI, −14.4 to −2.8) decline in gray matter volume. There was no association between NT-proBNP and CIMT and changes in white matter volume. Compared with participants with low NT-proBNP and CIMT, participants with both high NT-proBNP and CIMT had 3.8 mL (95% CI, −6.0 to −1.6) greater decline in their TBV and 4 mL (95% CI, −6.0 to −2.0) greater decline in GMW. These associations were independent of sociodemographic and cardiovascular factors. Conclusions-Older subjects with both cardiac dysfunction and carotid atherosclerosis are at an increased risk for brain parenchymal loss. Accumulated pathologies in the heart-brain axis might accelerate brain atrophy. (Arterioscler Thromb The online-only Data Supplement is available with this article at http://atvb.ahajournals.org/lookup/suppl/
C urrent evidence indicates that individuals with high burden of cardiovascular comorbidities, even independent of cerebrovascular diseases, run a greater risk of brain atrophy. 1 The brain is a highly vascular organ and requires a constant and wellregulated levels of blood flow to maintain its structural integrity. 2 It is well-established that the intact function of the heart and extracranial vessel is crucial for regulation of the cerebral circulation. 3 Hence, accumulation of pathologies in the heart-brain axis can potentially increase the risk of brain parenchymal loss.
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Previous patient-based studies have consistently reported that advanced cardiac and carotid pathologies are associated with accelerated brain structural changes. 4 Patients with congestive heart failure 5 and carotid stenosis 6 more frequently develop brain parenchymal loss, and it has been shown that patients who develop cardiac arrest, after resuscitation, have an extensive reduction of their brain parenchymal volume in particular gray matter. 7 Although it is widely accepted that cardiovascular pathologies in the heart-brain axis are relevant for brain health, up to now limited robust longitudinal data from general populations exists to substantiate this common preconception. Despite the evidence from patients' populations, it remains to be known whether community-dwelling older subjects with less severe or subclinical cardiac impairment or carotid atherosclerosis are also at a greater risk for accelerated brain structural changes. Furthermore, it is unclear whether cumulative pathologies in the heart and carotid arteries result in higher degrees of brain parenchymal loss.
In this population-based study of older subjects, we aim to investigate whether higher levels of serum N-terminal brain natriuretic peptide (NT-proBNP), as a marker of left ventricular dysfunction, 8, 9 and common carotid intima media thickness (CIMT), reflecting atherosclerosis burden in the carotid artery, 10 independently or in combination are linked with accelerated structural brain changes.
Materials and Methods
Materials and Methods are available in the online-only Data Supplement.
Results
Baseline mean age of the participants was 74.6 years and 41.4% were men. Median NT-proBNP level was 124.9 ng/L and mean value of CIMT was 1.0 mm. Average total brain tissue, gray matter, and white matter volumes were 1077.8, 686.7, and 391.1 mL, respectively (Table 1) . Cross-sectional analyses showed that higher NT-proBNP was associated with lower total brain volume and grey matter volume ( Table II in the online-only Data Supplement). There was no cross-sectional association between CIMT and brain volumes at baseline (Table III in the online-only Data Supplement). In the longitudinal analyses, each unit higher log-transformed serum NT-proBNP was associated with 3.9 mL (95% confidence interval [CI], −6.0 to −1.8) decrease in total brain parenchymal volume (Table 2, model 1) . Similarly, each unit higher log-transformed serum NT-proBNP was associated with 3.7 mL (95% CI, −5.6 to −1.8) decrease in gray matter volume. Although a trend was observed in the association between higher serum NT-proBNP and higher white matter volume loss, the associations did not reach statistical significance (P=0.09). Further adjustment of the analyses for sociodemographic and cardiovascular risk factors did not essentially change these associations (Table 2, model 2).
In the longitudinal analyses, each millimeter higher CIMT was associated with 13.3 mL (95% CI, −19.3 to −7.2) decrease in total brain parenchymal volume. Similarly, each millimeter higher CIMT was associated with 12.6 mL (95% CI, −18.1 to −7.0) decrease in gray matter volume (Table 3, model 1). There was no association between higher CIMT and decrease in white matter volume (P=0.84). Further adjustments for sociodemographic and cardiovascular risk factors only slightly changed the magnitude of the associations (Table 3 , model 2).
Subjects with high NT-proBNP and high CIMT had the greatest total brain parenchymal and grey matter volume loss compared with the other groups (all P<0.05). For both total and gray matter volumes, the largest difference was observed between subjects with low NT-proBNP and CIMT and subjects with high NT-proBNP and CIMT (both P<0.001). In contrast, there was not such an association in relation to decline in white matter volume ( Figure) . Further adjustments of the analyses for sociodemographic and cardiovascular risk factors revealed similar associations ( Table IV in the online-only Data Supplement). Compared with participants with low NT-proBNP and CIMT, participants with both high NT-proBNP and CIMT had 3.8 mL (95% CI, −6.0 to −1.6) higher decline in their TBV and 4 mL (95% CI, −6.0 to −2.0) higher decline in GMW. The interaction between NT-proBNP and CIMT in relation to brain volume loss was significant for total brain parenchymal volume (P=0.04) and suggestive for grey matter volume (P=0.15), indicating that subjects with both high NT-proBNP and CIMT had greatest decline in brain parenchymal volumes. In a sensitivity analysis, we excluded participants who had stroke and/or dementia (n=128). We observed similar findings after this exclusion (data not shown). In a series of extra analyses, we tested the associations using inverse probability weighting method. Repeating the analyses with this method revealed similar findings with larger effect estimates (Tables V through VII in the online-only Data Supplement).
Discussion
In this prospective cohort study of community-dwelling older subjects, we showed that elevated NT-proBNP, as a marker of left ventricular dysfunction, 8 and CIMT, as a measure of atherosclerosis burden at the carotid artery, 10 are associated with steeper decline in the structural brain volumes. We found that combination of high NT-proBNP and CIMT is linked with greatest risk for accelerated structural brain changes.
Different lines of evidence from epidemiological and neuroimaging studies indicate that long-lasting exposure to cardiovascular risk factors, independent of cerebrovascular accidents, are associated with higher risk of brain parenchymal loss and atrophy. [11] [12] [13] Although the exact mechanism behind this association is not fully known, an increasing body of evidence suggests that cerebral hypoperfusion is a key factor linking cardiovascular morbidities with accelerated brain structural changes. 14 The brain is a demanding organ consuming ≈20% of total body oxygen and 25% of total body glucose. Therefore, integrity of the brain depends on adequate supply of oxygen and energy through blood flow. 15 It is known that multiple systemic and cerebrovascular mechanisms act in concert to maintain cerebral blood flow in a stable range despite fluctuations in the systemic perfusion. 16 However, in the presence of prolonged low systemic perfusion, because of pathologies in the heart and large vessels, these regulatory mechanisms might fail to safeguard the brain and eventually cerebral hypoperfusion occurs. The heart is the generator of the cerebral perfusion pressure and intra-and extracranial vessels modify the cerebral perfusion as they deliver the blood to the brain. 17 Given the increasing prevalence of pathologies affecting the heart and cerebropetal arteries in the elderly, these pathologies can be expected to contribute to changes in the brain as people age. Although previous studies showed that individual pathologies at the levels of heart or carotid arteries are independently associated with adverse brain outcomes, 18 the current study shows that accumulated pathologies in the heart and carotid arteries might reinforce each other and put older subjects at an extra risk for accelerated brain parenchymal loss. We observed that impaired cardiac function and carotid atherosclerosis are mainly linked to gray matter volume decline rather than to white matter volume decline. The brain receives ≈15% of cardiac output, and it is well-known that more than two thirds of total cerebral blood flow is directed toward gray matter because of its high metabolic demand. 19 Therefore, it is expected that gray matter, more than white matter, becomes vulnerable to pathologies in the heart-brain axis that jeopardize blood flow to the brain.
Adequate and constant cerebral perfusion is safeguarded by the so-called cerebral autoregulation. Cerebral autoregulation encompasses a series of complex physiological functions to match the fluctuating systemic supply of blood flow with the high energy demands of the brain. 20 Although such a regulatory mechanism acts quickly in the face of immediate changes in the systemic perfusion pressure, it is yet to be determined whether cerebral autoregulation can also handle the long-lasting hypoperfusion state because of established pathologies in the heart-brain axis. 21 Previous studies have shown that cardiovascular risk factors are associated with lower cerebral blood flow. 22 Hence, chronic cerebral hypoperfusion might be a key mechanism behind the link between cardiac and carotids pathologies and accelerated brain parenchymal loss. In addition to the plausible roles of hypoperfusion in this link, it needs to be acknowledged that impaired cardiac function and advanced atherosclerosis might also reflect a global systemic vascular condition that affects not only the large vessels but also small vessels. 23 In addition, other pathways such proinflammatory state and activation of the renin-angiotensin system might play contribute in this link. Both high systemic inflammation and activation of renin-angiotensin system have been explained in association with higher cardiovascular burden and atherosclerosis, which can independently affect the brain and speed up the pace of brain parenchymal loss. 24, 25 The growing numbers of older people and increasing prevalence of age-related disorders of the brain such as dementia warrant further studies to identify novel strategies to decelerate pace of brain ageing. 26, 27 Although the pivotal roles of the heart and extracranial arteries in providing adequate oxygen, glucose, and nutrient for the brain are well-established, limited evidence exists on the contribution of the heart-brain axis in the development and progression of abnormal brain ageing in older adults. Findings of this study might highlight that older adults with higher loads of multiple pathologies in the heart-brain axis should be considered as high-risk groups for accelerated brain aging. Although previous reports indicate that in normal aging subjects experience 0.32% annual Model 1, adjusted for age, sex, and baseline brain volumes; model 2, adjusted for age, sex, baseline brain volumes, education, current smoker, hypertension (medical records or antihypertensive medication), diabetes mellitus, systolic blood pressure, coronary heart disease, stroke, total cholesterol, body mass index, atrial fibrillation, and glomerular filtration rate. All the analyses are adjusted for intracranial volumes and coil type. ∆ indicates second measure−first measure; and CI, confidence interval.
*β (95% CI) and P values are calculated using the continuous value of log-transformed N-terminal brain natriuretic peptide levels.
decline in their total brain volumes, 28 in our study, subjects with both high NT-proBNP and CIMT had about 1% annual brain parenchymal loss. The magnitude of this change becomes even clearer when it is compared with annual brain parenchymal loss of patients with Alzheimer disease, which is 2%. 29 Collectively, our results warrant closer collaboration between cardiologists and neurologists in identification of older patients at highest risk for accelerated brain ageing. Once clinicians detect pathologies at the cardiac level should search for concomitant abnormalities in the other parts of the heart-brain axis and vice versa. This study has many strengths and limitations. Availability of repeated neuroimaging data and information on the cardiovascular status of >2000 community-dwelling older men and women are among the major strengths of this study. As a limitation, we could only include subjects who survived up to the follow-up session, which might limit generalizability of our results. Nonetheless, as the inverse probability weighting analyses suggested, it is expected that our findings might even underestimate the magnitude of the associations because survivors are generally healthier. It needs to be pointed out that despite all the adjustments for the conventional cardiovascular risk factors, we cannot exclude possible roles of unmeasured confounders on the associations. In this study, we used the mean of far-and near-wall CIMT to assess the degree of carotid atherosclerosis. Although this method has been validated before, it is generally recognized that the far-wall CIMT might better reflect the true thickness of the carotid wall. We assessed the left ventricular function using serum NT-proBNP.
Although it has been shown that NT-proBNP is a reliable marker for left ventricular dysfunction, 9 additional studies are needed to confirm the link between impaired cardiac function and brain parenchymal loss using imaging techniques such as echocardiography and cardiac magnetic resonance imaging. This study shows that high serum NT-proBNP, as a marker for impaired cardiac function, and intima media thickness reflecting atherosclerosis burden in carotid arteries are linked with accelerated structural brain changes. Combination of high NT-proBNP and high CIMT was associated with greatest brain parenchymal loss. This study suggests that pathologies at the levels of the heart and carotid arteries act in concert and, instead of discipline-specific evaluations by cardiologists and neurologists, older subjects might further benefit from a comprehensive evaluation of the heart-brain axis in relation to adverse brain outcomes. Findings of this study call for further research on the cumulative effects of cardiac and carotid abnormalities on the brain parenchymal loss. Our data in a general population of older subjects need to be replicated in middle-aged and younger adults when interventions might have a bigger impact on brain health in the subsequent years. Furthermore, the exact mechanisms behind the observed associations need to be further explored by experiments on animal models and interventional approaches targeting multiple components of the heart-brain axis to better understand the interplays of various cardiovascular mechanisms that affect brain structural integrity.
